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Abstract 

We consider a model of inflation with non-minimal coupling with two inflaton fields. It is noticed 
that a large class of inflaton potentials in product form as well as additively separable form can 
generate large non-Gaussianities especially when non-minimal coupling term is introduced. A po- 
tentially realistic hybrid inflationary model with a potential, /i 2 2 (l+cos(x/c)), and a non-minimal 
coupling term, acf)R, is analyzed in detail. The model explicitly demonstrate the appearance of a 
large non-Gaussianity. 
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I. INTRODUCTION 



The standard slow-roll inflationary paradigm, which can give rise to the primordial per- 
turbations, has been emerged as a solution of cosmological problems, namely, flatness, homo- 
geneity, and isotropy problems PQ . Observational precision has been dramatically improved 
recently (2J [3] and will be further improved in near future [I] . Thus the refined understand- 
ing of the origin of inflation would be hoped even though there exists degeneracy problem 
[5] . Indeed, some well known inflationary models are started to be disfavored by recent data 

®- 

Some of the key measurements toward the origin of the inflation are the scalar spectral 
index, n^, the tensor-to-scalar ratio, r, and the primordial non-Gaussianity (NG), /nl- The 
final nine-year WMAP data, in conjunction with eCMB, BAO and Ho data [3J, suggest that 
these observables are within a window: 

n c = 0.9636 ±0.0084, 
r < 0.13 (95% C.L.), 
-3</nl< 77 (95% C.L.). (1) 

Combination of these measurements provide a powerful guidance to distinguish specific 
inflationary models. For instance, it is known that canonical single field models cannot 
produce a sizable NG [B] and thus the observation of the large NG will strongly disfavors 
single field models but favors multi-field inflationary models. 

Recently, 'Higgs-inflation' scenarios where the inflaton, <ft, is identified with the elec- 
troweak Higgs boson in Jordan frame with non-minimal (NM) coupling £0 2 i? with the Ricci 
scalar, R, [7] and its generalization to arbitrary monotonic function, £<j) 2 R — > K(<f))R, have 
been studied with one- field model [8]. The most interesting observation would be the fact 
that an asymptotically flat potential in Einstein frame is obtained when the ratio between the 
scalar potential V(<p) and the square of the NM coupling term K((j>) approaches a constant, 

C ' * > ( 2 ) 
where C is a positive constant]]] The rather extensive study on NG in single-field infla- 
tion model with NM coupling term was recently performed [10J, in particular, for the A0 4 
potential with £0 2 i? term [TT1IT2]. 

1 It has been shown that the inflationary scenario with NM coupling term could be natural in the presence 
of hyperbolic extra dimensions [5] . 
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In this paper we consider two inflaton fields aiming toward even further generic multi-field 
cases with NM couplings, namely K(<fi)R — > K(cj)i, <f) 2 )R and V(<p) — > V(</>i, (fo). Indeed 
multi scalar fields and their NM couplings with Ricci scalar are naturally introduced in 
supergravity theories taking generic Kahler potential into account |13j . Particularly, we 
address whether a large NG could be accompanied with NM coupling term in the presence 
of multi-field inflation. To be specific, we focus on the case where one of the two fields has 
a significant NM coupling in this paper and reserve more generic case for the future. 

The rest of this paper is organized as follows: In section [TT| we develop a set of tools 
in 5N-formalism to analyze the two-field inflation with NM coupling term. The analytic 
expressions for physical quantities including power spectrum, spectral index, tensor-to-scalar 
ratio, and non-linearity parameter are derived for a generic setup. In the subsequent section 



III, as a concrete example, we apply our results to a specific model of separable potential, 
V = fi 2 (f) 2 (l + cos(x/o")) with the NM term K = a<ft. For the future experiment, we show 
the parameter space which is consistent with the current observation but still provides large 
NG. Finally, the conclusion is given in section |Vj In appendices, we provide useful analytic 
expressions for the number of e-foldings in various two-field cases with and without NM 
couplings, which are extensively used in the text. 

II. INFLATION WITH TWO FIELDS AND NON-MINIMAL COUPLINGS 

Having two scalar fields, we write the generic (super)gravity action in Jordan 

frame as 



yz^T 2 r 2 

where the NM coupling term, in general, is expanded as 

K = K + K^j + K xXj + K H (f)] + Kfrfaxj + K xxX ] + ■■■ (4) 

and V(4>j, xj) is t ne inflaton potential in the Jordan framej^] The constant term K can be 
absorbed in the definition of Mp so is neglected in below. The specific forms of K and V 
depend on their origins. 

2 Note that we are using Mp — l/\/8nG — 1 units. 
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For the given NM coupling term, we always find the conformal transformation leading to 
the Einstein frame: 



9ixv -> gfL = tt 2 g^, (5) 
where the conformal factor, Q 2 , is given by 

Q 2 = l + K( ( p J ,xj)- (6) 

The resultant action in the Einstein frame is, then, 
£ E R e V- 2 



7T- + 



2 2 

where 



h(d E fo) 2 + k 2 (d E X j) 2 + k 3 (d E ^)(d E xj) - f/(0j,Xj), (7) 



k 2 = i + 3 -n- 2 (K XJ ) 2 , (8) 
h = sn- 2 K i<P] K M , 

and U is the potential in the Einstein frame, which is related to V by 

Note that the subscript comma ',' denotes the partial derivative, e.g., K,^ = dK/d(j)j. 
Now a few comments on the general properties of the action are in order: 

• Up to this point, the form of the Lagrangian is symmetric about 0j < — > xj if K(<f>, x) — 
K(x,4>) and V(<p,x) = V(x,(j>)- The symmetry can be (explicitly) broken either by 
the NM coupling term and/or the potential. 

• Suppose that K ^> 1 and V 3> 1 in the limit of large fields, 3> 1. A generic 
condition for large field inflation can be easily noticed since the potential in the Einstein 
frame, Eq. (|9]), looks 

lim U = ?-. (10) 

<?\j,Xj->°° i\ 

If the asymptotic value is constant, as in Eq. (|2]), the potential involves a large plateau 
which may be responsible for large field inflation. Even when one of the two directions 
is asymptotically flat, it is still possible to have a slow-roll inflation along that direction. 



In this case, the condition for the flat potential at the particular field direction, 0j 
here, becomes 



lim — - = Const. (11) 

/>j-kx) K 2 



These results are analogous to those in [S]. 



III. GENERAL TWO-FIELD INFLATION WITH K = Ktyj) 

The kinetic term in Eq. ([7]) is not separable in general and thus is not canonically nor- 
malizable as far as ki, k 2 , and k 3 in Eq. (J8|) are mixed functions of (fij and xj- We restrict 
our interest to the cases of canonically normalizable two fields. To be specific, considering 
that the NM coupling is only a function of one of the two fields, if (0j, xj) = if (0j) or the 
terms depending on xj are negligibly smaller than the terms with <fij, we have k\ = fci(0j), 
k 2 = 1, and k 3 = 0. More concretely, 

^IM- < i2 > 

Then the canonically normalized field in the Einstein frame is obtained by solving the 
equation: 



d(f>E / h 



1 + if 

The action in the Einstein frame, Eq. ([7]), is reduced to a well known form 



(13) 



E 1 e 2b 
= | + 2^e) 2 + Y (d X E) 2 - C/(0e,Xe), (14) 

where 0e is canonically normalized field of <j)j and b = — | log(l + if). One should notice 
that the ordinary minimally coupled case is recovered by letting 6 = (or if = 0). 

If the potential is a product-separable in Jordan frame, as V = ^(^jJt^Oo), the P°~ 
tential in Einstein frame is also separable as U = Ui(4>e)U2(xe) where C/i(0e(<Aj)) = e 4b Ui. 
This type of model has been extensively studied in [H] and we will closely follow the exist- 
ing studies in subsequent sections. In addition, for the brevity of the notation, we will drop 
subscript 'E' in the Einstein frame below. 



In the background Friedmann-Robertson- Walker metric, the equations of motion for the 
scalar fields are 



+ 3H<f ) + U^ = b (l) e 2b x 2 



X+(3H + 2b^)x + e- 2b U x = 



(15) 



where H is the Hubble parameter. From the Einstein equations we get 



H 2 = -(-^ + - x 2 e 2b + U 
3 \2 V 2 A 



(16) 



Under the assumption of slow-roll, Eqs. ( 15 )— (16 ) become 



3H(f) + U i4> = 0, 3H X + e~ 2b U tX = 0, H z = -U. 



(17) 



In slow-roll inflationary models, it is convenient to introduce slow-roll parameters 



rf = 



U 



u 



(18) 



The slow-roll condition requires C 1, e x < 1, \r)^\ -C 1, and \r) x \ -C 1. It is also useful to 
introduce a dimensionless angle, 9, defined by 



cos 9 



(,2 _|_ e 26^2 



sin 9 



X 



J2 + e 2fe^2 



(19) 



and, in the slow-roll approximation, 



cos 2 9 



sin 2 fl 



(20) 



In terms of the dimensionless angles, the cosmo logical observables are expressed as^] 
^ f H*\ 2 e 2X cos 4 9 e t . 9 9 n d „ x 

sign(6Qsign(^/LM 2 2 FT ^ / 2 1 n 2 fl \ 
~ 2 ^ t an^+tanV m ^ C ° S ^ e V e * e * l/ tan ^ " 2 tm ^ C J ' 

r = 16e^i ^ (21) 

cos 4 ft, .A 2 tan 2 ft, + tan 4 ft, ' 1 1 



,(4) _ 5 
Jnl - g 



where 



and 



2J P e* - F^f - G p rj* + sign(6')sign F^y^ 
+2H P (r!+ sin 2 e + r?* cos 2 ft, - ^sign(6')sign (Jj-^j J^e e sin 4 ft, - 4e c cos 2 # e sin 2 ft^ 

X = 26 c - 26*, „4 = e~ x [l + (l - e x ) tan 2 ftj , (22) 



sin 2 _ v A^ tan 2 ft* + tan 6 ft 
J„ ee — — -e 



F 



'" cos 2 ft, (.4 2 tan 2 ft, + tan 4 ft,) 2 ' 
e" x .4 3 tan 4 ft* 



" cos 2 ft, (.4 2 tan 2 ft, + tan 4 ft,) 2 ' 
e~ x tan 6 6> 



Gp " cos 2 6 C (A 2 tan 2 ft, + tan 4 ft,) 2 ' (23) 



K 



e~ x A 2 tan 4 0, tan 2 ft, 



p ~ cos 2 ft, (^ 2 tan 2 ft, + tan 4 9 e ) 2 ' 
rr _ + 2 ff (A tan 2 ft, - tan 2 ft,) 2 
p= e (.A 2 tan 2 ft* + tan 4 ft,) 2 ' 



Note that the sub (super) script *(e) indicates the value at the horizon exit (end of inflation) 
and the prime index denotes the derivative with respect to the corresponding fields as usual. 

To see the numerical significance of the non-linearity parameters, J p , F p , G p , K p , and H p , 
we plotted them in Fig. [T] with fixed X = 0.0 for numerical evaluation. Similar results are 
found for X = ±0.1, too. The general tendency is summarized as follows: 



3 Some details of the derivation are given in Appendix A. We note that the results are slightly different 
from those in 1201. 
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FIG. 1. Analysis of the non-linearity parameter for the non-minimally coupled case with X = 0. 

• Since the J p is always less than unity and smaller than other parameters, we will ignore 
J p in evaluating cosmological observables. 

• The parameters, F p , K p , and H p can be significant when <C e x or {O^.Oc) ~ 
(7r/2,7r/2). On the other hand, when (0*,0 e ) ~ (0,0) or > e x , G p and H p are 
significant. 



• Due to the large ^-dependent term in Eq. (23), <C e x (e* 3> e x ) case produces large 



NG when sign(6')sign(L r {/L r i) > 0(< 0), respectively. 

Details of the cosmological observables depend on the explicit realization of the model. 
In the next section, we will more closely examine a particular case with K = a<p and 
V = /i 2 2 (l + cos(x/c)), which leads an interesting phenomenology. 



IV. A HYBRID MODEL: V = A*V(1 + cos(x/<r)), K = a<j> 



In this section, we consider a phenomenological potential of the form in the Jordan frame, 







1 - 


hcos(|)_ 







This potential could be regarded as a hybrid of the chaotic inflation with m 2 (f) 2 term [T5] 
and the natural inflation with cosine term along x direction [IB] . Interestingly, the potential 
in the Einstein frame involves a flat plateau along (ft direction (or natural inflation along 
the orthogonal \ direction). When the NM coupling term is of the form of K = a<f), the 
condition, V/K — > C, <p 3> 1 in Eq. (|2| is satisfied. The potential and the typical paths of 
inflation are depicted in Fig. [2] for minimal (a = 0, left) and non-minimal (a ^ 0, right) 
case, respectively. 



V,a=0 U,a=1.0 




FIG. 2. Upper two figures are the inflaton potentials for minimal (a = 0) and NM (a = 1) case, 
respectively. We fix /i = 1.0 x 10 -6 and a = 10.0. The two dotted lines in the lower two figures 
stand for the typical trajectories for minimal (a = 0) and NM (a = 1.0) cases with different initial 
field values. 
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A. Minimally coupled case: a = 



In the minimally coupled case (a = or equivalently b = in Eq. (14)), the potential in 
the Jordan frame and the Einstein frame become identical with 0j = and xj — X- 



1 + cos 



a 



(25) 



Here we drop the the subscript, 'E'. The shape of the potential and the typical trajectories 
of the inflaton are depicted in the left two figures in Fig. [2} The potential may be understood 
as the mass term along the direction, which varies periodically along the x direction. 
For each trajectory, the number of e-foldings is found in a rather simple form (see Ap- 



(26) 



pendix B 1 for derivation): 

iV = -l(0 2 -0 2 )=-2a 2 ln 
that determines the evolving field values of and % for a given number of e-foldings: 

cf>(N) = ^M^AN, (27) 



sin (x*/2a) 
sin (Xe/2a)_ 



X(N) = 2a sin" 1 



X* 



s,!i, 27r xp v2^ 



N 



(28) 



where 0* and x* are the initial values of inflaton. Here we only consider 'large-to-small' 
evolution along the direction and 0* > 2\/Wqq ~ 15.5 for reality of during inflation. In 
general, x is a periodic function sitting in the cosine potential but we only restrict ourselves 
to the case where the inflation takes place within one period of oscillation. Taking iV = 60, 
we find e and Xe as the values of fields at the end of inflation 



e = 0(iV = 6O), Xc = x (iV = 60). 



(29) 



The slow-roll parameters are obtained following the Eq. (18) with 6 = 0: 

, 2 „ 1 



_ tan 2 ( — 
2a 2 \2a 



e v + e> 



a- 



cos(x/cr) 



1 + cos(x/o-)_ ' 



The slow-roll conditions, e^ ,x 1, lead to the domain of the field values in 

> V2, X < 



(30) 



(31) 



Having all the slow-roll parameters in Eq. (30), we can find the analytic expressions of the 



power spectrum, spectral index, tensor-to-scalar ratio, and the non-linearity parameter [18 
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l 



is is 20 



/NL 



(4) 



■I 



I 



IS 2U 



M IS 3U 



FIG. 3. Cosmological observables V^, hq, r, and are depicted for a = case. The large NG 
above 0.001 is hardly obtainable in this scenario when the observational constraints from WMAP9 
are taken into account. 



The results are presented in Appendix A 1 One immediately notices that the power spec- 
trum ~ O (10~ 9 ) sets the value of \x parameter as /i ~ O(10~ e ) but the other parameter 
a is still to be determined. Thus we will treat a as a free parameter. 



In Fig. [3j we plotted the cosmological observables in 0* G (15, 30) and x* £ (10 8 , 10°) 
with cr = 10.0. In the parameter space we typically found fj£ ~ 0.002 - 0.006. Though 
we did not present numerical results for a different domain where the inflation takes place 
with x* < 10~ 14 , we sometimes found larger values of \f^\ > 30. However, this domain 
turns out to be largely in conflict with the measured cosmological observable: < 0.01. 
We summarize some representative results in Table. [T| 
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o (f>* X* n c r fal 



10 16.0 5.0 0.968 0.126 0.0065 
10 20.0 5.0 0.979 0.085 0.0041 
10 20.0 10.0 0.976 0.104 0.0044 
10 16.0 1.0xl0~ 5 0.969 0.125 0.0065 

TABLE I. Results for the minimally coupled case with a = and a = 10. 
B. Non-minimally coupled case: 

Finally, we introduce sizable NM couplings. With the NM coupling term, the inflaton 
potential in Einstein frame would be different from the one in Jordan frame so that the 
actual cosmological observables are modified. In Fig. [2] the potential in Einstein frame and 
the typical evolution of the inflaton fields are depicted for NM case (a ^ 0, on right) in 
contrast to them in the minimal case (a = 0, on left). 

Defining the conformal transformation fi 2 = 1 + a<f)j and the fc's in Eq. ^ as 

h = l+ 3 f k 2 = l, k 3 = 0, (32) 

2(1 + a(pj) 

we find the action in Einstein frame following the Eq. (J7j): 



y/=g 2 2 (l + a0j) 2 v " Jy 2 1 + «0j v ^' (l + «0j) 2 

= - l -R + l -{d^f + l -e^\d X v) 2 - Ufa, X e), (33) 

where xe = Xj an d 4>e is canonically normalized by 

dtftE _ V 1 + a 0J + 3a 7 2 
d(f)j 1 + a(pj 

The coefficient of the NM kinetic term is 



(34) 



and the inflaton potential in the Einstein frame is 



1 + cue 



U(Mfo),X)= m T^l x a l + cos(^) . (36) 



(T J - 



Hereafter, we will drop the subscript 'E' for brevity of the notation. 
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We are mostly interested in the large field limit, 0j ^> 1/a, because the potential has 
a large flat plateau along the </> direction as we discussed earlier. In this limit, the explicit 
form of the canonical field is easily obtained as 

dd> 1 



ps 2y/<j> 3 /a 0j ps -a<p 2 . 



In the limit, the NM kinetic term looks rather simple 

1 



(37) 



a 



a 2 4> 2 > 4, 



26(0) 



a(j)j a 2 (j) 2 ' 



then the potential in Eq. (36) becomes 



U(<f>, X ) 



fj, 2 a 2 4> 4 



(4 + a 



2A2\2 



1 + COS 



X 



a 



(38) 



(39) 



which leads to 



\i 2 a 2 <\) 4 



Ux{(f>) 



£/ 2 (x) = l + cos(^) 



(40) 



(4 + a 2 2 ) 2 ' 

It is easily noticed that the potential becomes flat as XJ\ — > fi 2 /a 2 in the large field limit 
As \x <C 1 and we take a ~ 0(1), the potential is clearly in the sub-Planckian domain. 



The slow-roll parameters in Eq. ( 18 ) are well approximated: 



128 
48 



7] A 



, 2 / X 

— — tan — 
8(x 2 V2a 

a 2 2 / x 
cos — 
Vcr 



8a 2 



sec 



2 f_X 

2(7 



(41) 



From the slow-roll conditions for both of the fields, we found the allowed range for and x 
during the inflation as 



7 
26 

~~ 2 ' 
«3 



X < 2d tan 



-i 



8(7 2 
2^,2 



a 2 



(42) 



It is convenient to express the evolution of the inflaton fields in terms of the number of 



e- 2b —dy 



e-folding, N. As it is explicitly shown in Appendix |B 2\ N is given by 

N = 

or more explicitly by 

- <f>t) , 
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(43) 



a 



64 V ^ e 



(44) 




FIG. 4. Cosmological observables n^, r, and are depicted for a = 1.0 case. The large NG 

f (4). 



above |/a/x| > O(10) is obtained. 



from which we find 



</>(N) « <M 1 



647V \ 



1/4 



The other field, x(iV), is determined by the equation of motion, 3Hx ~ ~ e ~ 2b U, x , 



V 



X 1 + COs(y/<7) , n 



2 /-AT 



sin(x/(T 
from which we find 



4a 



A" 



647V \ 



26 j 

1/2 



X(N) « 20-sin- 1 



" ,!| ^J eXP 96^ 



64iV 



3/2' 



(45) 



dTV, (46) 



(47) 



Collecting all the above formulas, we can find cosmological observables. The results are 



presented in Appendix A 2 in a generic form. The numerical results for P^, n^, r, and 
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/nl (local) are depicted in Fig. 4 We chose fi ~ O (10~ 5 ) to fit the observed data of the 
power spectrum of curvature perturbation, ~ 2.5 x 10 -9 . It is interesting to notice that 
ji ~ ~ M G ut, that is the scale of grand unified theory. 

One of the most distinctive features of this case with a = 1.0 is a large NG, i.e., f$ > 60 
is found differently from the case of minimal case with a = 0, especially in large and small 
X region where the spectral index and tensor-to-scalar ratio are in good agreement with 



observational data. This is understood as we discussed at the end of Sec. Ill The large NG 



is produced in the region of 3> e x . We show the representative results in Table]!! 



10 8.0 0.02 0.970 0.007 -0.043 
10 8.7 1.0xl0~ 4 0.978 0.004 -4.673 
10 8.7 l.lxlO- 4 0.977 0.004 -5.581 
10 8.8 1.1 xl0~ 4 0.967 0.004 -21.42 
10 8.9 7xl0~ 5 0.966 0.003 -35.46 
10 9.3 1.1 xl0~ 5 0.968 0.003 -185.0 



TABLE II. Results for the non-minimally coupled case with a = 1.0. 



V. CONCLUSION 

When the NM coupling term, K(<ft)R, is introduced, the phenomenology of inflation shows 
several distinctive features which may be observationally probed in coming years. In this 
paper, we focus on inflationary models with two fields, one of which includes a significant 
NM coupling. Interestingly, a large NG may arise differently from the case without NM 
coupling. 

In doing so, we have re-derived analytic expressions for power spectrum, spectral index, 
tensor-to-scalar ratio, and non-linearity parameter for minimal (i.e., K = 0) and also for NM 
(i. e., K ^ 0) cases. The results confirm the previous works on minimal case but we also found 
some corrections. For the non-minimally coupled case, we explicitly derive the expressions 
using the <5N-formalism when the inflaton potential is product-separable, U = Z7i(0i)Z/2(02) 
as well as other cases. The analytic results are summarized in Appendices and the parameter 
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regime where a large NG arises with NM coupling term is clarified in Sec. II and III. 

For concreteness, a specific two-field inflationary model with V = /i 2 2 (l + cos(x/c)) is 
studied in detail in Sec. VI. Within the parameter space consistent with the observational 
data, it turned out that a large NG is hardly obtained. On the other hand, as soon as 
we introduce a NM coupling term, K = a<p, to this model, we could read out significantly 
large non-linearity parameter with the desirable values of spectral index and tensor-to-scalar 
ratio. 

In near future we expect that more accurate observations will be reported [I] and a large 
NG may be actually observed. In that case, as we learned in this paper, we should take 
the inflationary models with NM coupling term more seriously and we even may hope to 
discriminate among various inflationary scenarios. 



Appendix A: Cosmological observables using 5N-formalism 

In this appendix, we estimate the primordial perturbations by using the £N-formalism 
|17j . We provide the results for the minimally coupled case (b = 0) and for the non-minimally 
coupled case (6^0). 



Minimal case: K = 



In the case of minimally coupled case with product-separable potential, the analytic 
forms of the power spectrum, spectral index, tensor-to-scalar ratio, and the non-linearity 
parameter are known respectively |18] 



Vc 



U, 
24tt 2 



-2e, 



u v 



u 



2d 



2r} 



V T 8V* 



u 2 /ef + v 2 /e} 
16 



f(4) 
J NL 



1 - 



2et 



+ 



2e* 



,(A1) 
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where 



u = 



4% 



cos 2 9 e , 

2 { Ve~ 



V 



sin 6L 



4 e e 



77 = 



(A2) 



2. Non-minimal case: 



In this subsection, we provide detail calculation for 5N-formalism for the case of product 
potential, U((f>,x) = Ui^U^ix)- We recapitulate in this subsection the content derived in 
[H] with some corrections of errors and typos. 

The number of e-foldings is given by 



N = - 



- / e 



Using the constant of motion along the trajectory [T9] . 



C t = - 



-2^1 



+ 



c/1 if/ 2 

we could read out first derivatives of N as follows: 

dN _ sign(U[/Ui) / 



(A3) 



(A4) 



'2e 



4> 



1) I 1 6 c 2& e -26» 

1 e 



diV _ sign([/ 2 /C/ 2 ) ^e^ 2be _ 6 , 



(A5) 



Once we find the first derivatives of N, it is straightforward to obtain second derivatives of 
N, 

d 2 N 



1 



2et 



X 

■y _ 5jL e 26 c -26, 



+ -sign(6')sign ^ / 



TP \ / f b e X 1 



3 2 N 

d 2 N 



e 2b * I 1 



Id) e c 



+ e 



4b c -2b„ 



-C 



where 



C EE 



-signlgl sign 



,4f> -3fc» 



6* 



1 /[/' 

^ _ 4^ _ S ign(6 / )sign 

e e z \Ui 



C. 



(A6) 



7] ss ee - (r/ e x + 77V) . 



(A7) 
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Now that we have first and second derivatives of the number of e-foldings, we are able to 
obtain power spectrum, spectral index, tensor-to-scalar ratio, and the non-linearity param- 
eter. The power spectrum of curvature perturbation is given by 



(A8) 



i, j 



where V* = (H Jf /27r) 2 and Q IJ is defined in such a way that the multi-field action in the 
Einstein frame is written as of the form of 



9 



2 2 



(A9) 



with ip s as inflaton fields. Substituting Eq. (A5) into Eq. (A8), one obtains 

2 



n 



1 (H* 



C 



2 V 2vr 



u 2 al V 2 

H , 

A e x 1 ' 



where 



u = 



v = 



The spectral index is defined by 



a p = e 



-2b c +2b, 



1 + % (1 - e M *) 



rif — 1 



d\nV, 



C 



dink 



Noticing that dink ~ Hdt and inserting Eq. (A8), we could read out 



ri£ — 1 = — 2e* + 



where (p = dip/dt. It is straightforward to get 

4 



A" 



(A10) 



(All) 



(A12) 



(A13) 



n t — 1 = — 2e* 



(A14) 



1 - 



2ef 



u 2 a 2 p + | 1 - 



2e* 



f 2 + -sign(6')sign 



> V apU 2 e* 



The definition of the tensor-to-scalar ratio is 



3l 

TV 



(A15) 



where V„ = 8V* is the power spectrum of gravitational waves. Some computation gives 



16e 



-4fe c +4fe» 



u 2 a 2 /et + v 2 /ei 
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(A16) 



From the £N-formalism, the scale-independent part of the non-linearity parameter in the 
slow-roll approximation is given by 



6 ( 4 ) = g IL Q JM NjNjN LM 
5 /nl " (NjNj&Jy ' 



(A17) 



Since the scale-dependent part of the non-linearity parameter is too small to be detectable 



we just take into account the scale-independent part only. Using Eq. (A5) and Eq. (A6) 
one could obtain 



6 (4) 



2 e -26 e +26» 



{u 2 a 2 Jef + v 2 /e^ 2 



u 3 a 3 p ( { 



1 . . fU[\ vu 2 a 2 p 

+ -sign(D jsign — — — — 



2et 



ua p v 
el e* 



2b c -2b t 



c 



(A18) 



If we let b = 0, then (A10), (A14), (A16), and (A18) reduce to the results of minimally 



coupled case in Eq. (Al) 



In terms of the dimensionless angle 9, the results of non-minimally coupled case in 



Eqs. (A10), (A14), (A16), and (A18) are those in Eqs. (21)-(23). Note that the results 



are slightly different from [20 



Appendix B: Number of E- foldings in Two-field Inflation 

In this appendix, we provide some useful expressions for the number of e-foldings in 
various slow-roll potentials with two inflaton fields, which are extensively used in the text. 

1. Minimal case: K = 



Let us assume general potential of two scalar fields W(4>,x), without NM coupling, and 
compute the number of e-foldings, N, defined by 



N 



Hdt. 



(Bl) 



Since we are interested in the slow-roll inflation, the equations of motion are approximated 
by the slow-roll equations, 



m 2 Ml « W, 



3Hx « -W x 



(B2) 
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From the second equation, we express the integrand of Eq. (Bl ) in terms of that of a scalar 
field 0, thus, the number of e-foldings is given by 

i r W 

N ~-M.l, w* < B3 > 

Some separable cases are of our interest, W = U(<fi) + V(x), W = U((j))V(x), W = 
[77(0) + V^(x)] p , and W = [U \(p)V ( X )] p with p > because these cases make evaluation of 
the number of e-foldings tractable and span wide range of two fields scalar potential for 
slow-roll inflation. 

• Casel: W(<f>, X ) = U{<f>) + V( X ) 

For the sum-separable potential case, we read a relation d<j)/U' = d X /V from the 



slow-roll equations, 3H « — W^/cj) ~ —W x /x- Inserting this relation into Eq. (B3) 
with W = U{4>) + V(x), we obtain 

i r u i r v 

Case 2: W(<p, X ) = V (<I>)V( X ) 

For a product-separable potential, the slow-roll equations give a relation Udcfi/U' = 



Vdx/V. Inserting this relation with W = U((j))V(x) into Eq. (B3), we obtain 

i r u , 1 i r v 
Til W^ = -MlL 



N —M.u^—M.v^ (B5) 



Case 3: x ) = [U(4>) + V( X )]' 

For a more general case with p > 0, we still have the relation d<p/U' = dx/V as in the 



case with p = 0. Using this relation in Eq. (B3), we find 



i r U 1 f e V 
N = -— —d<j)- —d X - (B6) 

Ml J* pU> v Ml J, pV 1 ; 

Case 4: W(<f>, X ) = [U(4>)V( X )] P 

Since the potential is product-separable, W = U(<j)) p V(x) p , we have the same relation 
as in Case 2, Udcj)/U' = Vdx/V. Therefore, we have 

i r u i r v 

N = 7 / dcj) = . / d X . (B7) 

Ml I pU> V Ml X pV X V ' 
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2. Non-minimal case: 



We turn on NM coupling with one of the two fields, e.g., K((p)R. Then, in Eq. (B2), the 
third slow-roll equation of X is modified, 

3H X « -W x e- 2m (B8) 

which allows us to use the previously obtained formula of the number of e-foldings in 



Eq. (B3) 



Casel: W{cf>, X ) = W) + V( X ) 



For this sum-separable potential case, the slow-roll equation in Eq. (B8) provides 
d(j)/U' = d X e 2b /V. Thus, 

Case 2: W(<f>, X ) = U(4>)V( X ) 

For the product-separable potential, we have Ud<fi/U' = e 2b Vd X /V and thus 
Case 3: W{<f>, X ) = [U{(j>) + V{ X )f 

For the general cases with p > 0, we have a relation U'/dcj) = e~ 2b V jd X and thus we 
have 

1 f c II 1 f° V 

n -mLw^-mL^w^ (B11) 

Case 4: W(<f>, X ) = [U(4>)V( X )] P 

Similar to the fourth case in the previous subsection (K = 0), we have the relation 
Ud(p/U' = e 2b Vd X /V and thus the number of e-foldings is 

u . . i r , b v 



N = ^ / dd> = =■ / e 2b d X . (B12) 

M 2 X pU' V M 2 h VV 
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